The influence of the liquid properties and the operating variables on the intrinsic volumetric flow rate, q 0 , of the droplets at the liquid−atmosphere interface in nonfoaming adsorptive bubble separation and that, W f0 , of the liquid in foam at the liquid−foam interface in foam separation was studied to estimate the enrichment ratio of surface−active substance in the both techniques. Each intrinsic flow rate was determined by the extrapolation method, which the authors proposed previously, and was mainly influenced by superficial gas velocity, liquid viscosity and surface tension. Despite of small change in the surface tension and the liquid viscosity, they greatly affected to the intrinsic flow rate for both the droplets and the liquid in foam. The experimental results were applied to a dimensional analysis.
INTRODUCTION
Adsorptive bubble separation techniques are divided unequally into two main groups. The major, called foam separation, requires the generation of foam or froth to carry off the objective substances. The minor, which is termed nonfoaming adsorptive bubble separation (NFBS), does not. The foam separation has been widely used in various industrial fields such as ore flotation, wastewater treatment and so on. On the other hand, the initial concept of NFBS method was proposed by Lemlich and his co-workers in early 1960s (1) (2) (3) . The authors reported the application of the developed NFBS method to the enrichment of dissolved organic substances from their dilute solutions by using a bubble column equipped with a droplet collector at the top of the column and the mechanism of the enrichment (4, 5) . Both two techniques are available for the enrichment of dilute dissolved surface-active substances and have some advantages, i.e., low energy requirements, a little mechanical parts in the apparatus, no-requirement of tedious treatments such as desorption or addition of any other chemicals and extending to a continuous operation with ease.
In the adsorptive bubble separation techniques, the adsorption density on the bubble surface (surface excess) has been often determined from the mass balance of the separation column (6) (7) (8) (9) . On the other hand, the volumetric flow rate and the concentration of the droplets and the collapsed foam liquid had an axial distribution with the column height (5, (10) (11) (12) .
These facts suggested that the amount of the adsorbate contained in the droplets and the collapsed foam liquid would vary with the capturing or the overflowing positions in the axial direction within the column (5, 12) . The authors demonstrated the measurements of their axial profiles and determined the intrinsic values by the extrapolating method (5, 12) .
Moreover, the adsorption density onto the bubble surface was determined from the mass balance of the objective substances between the droplets or the collapsed foam liquid and the bulk liquid in the column (5, 12) .
The factors governing the enrichment efficiency of the two techniques would be considered as: (i) the physicochemical properties of the objective surface−active substance and (ii) the liquid properties and the operating variables for both methods. The two factors affected the absorbability of the objective substance onto bubble surface, the bubble production frequency and the entrained or overhead liquid flow rate.
The estimation of the adsorption parameter of the objective substance, the bubble production frequency and the entrained or overhead flow rate would be very important to predict the enrichment efficiency. Figure 1 shows schematic diagrams of the mass balance of surface-active substance in NFBS and foam separation columns. In NFBS and foam separation methods, the enrichment ratios at the liquid-atmosphere and the liquid-foam interfaces are defined by the following two equations, respectively (5, 12) .
Where C i , C b , C f0 and C tr are the initial concentration of the bulk liquid, the concentration of the bulk liquid at equilibrium, the concentration of the liquid in foam at the liquid−foam interface and the concentration of the droplets, respectively. q 0 and W f0 are the intrinsic volumetric flow rate of the droplets at the liquid−atmosphere interface and the liquid in foam at the liquid-foam interface. K and γ represent the adsorption equilibrium constant and the saturated surface density of the bubble surface, which could be determined from the Langmuir`s plot (5, 12) . S b denotes the production rate of the bubble surface area and was determined from the relationship (4).
Where A, ε, g, ρ L , ρ G and µ L represent the cross-sectional area of the column, the gas holdup, the gravitational acceleration, the density of liquid and gas and the viscosity of the liquid, respectively. Eqs. [1] and [2] are analogous forms. In Eqs. [1] and [2] , the terms Kγ/(1+KC i ) and KγC b /{(1+KC b )C i } represent the influence of the physicochemical properties of the objective substance adsorbed on the bubble surface. The other terms, (S b /q 0 ) and (S b /W f0 ), would be affected by both liquid properties and the operating variables. These equations also suggest that each enrichment ratio gets larger as the two terms increase. In other words, better operating variables to make the enrichment ratio much higher will be compatible with the determination of how to keep q 0 /S b and W f0 /S b smaller.
In the present paper, the authors will discuss the influence of the liquid properties and the operating variables on the enrichment ratio for both the nonfoaming and the foaming adsorptive bubble separation methods. 
MATERIALS AND METHODS

Materials
Experimental setup for nonfoaming experiments
The experimental setup for NFBS method is shown in figure 2 . The setup is almost the same as those used in the previous report (5) . 
Experimental setup for foaming experiments
The experimental setup for foaming experiment is also almost the same as that described in the literature (12) The experiments for determination of droplet concentration were carried out as follows. A solution was prepared at a desired concentration and it was charged into the column. After that, air or nitrogen gas were dispersed into the column and the aspiration for droplet collection was started. A lot of fine droplets generated by bubble burst at the liquid surface were induced into a sampling reservoir by the aid of air stream through aspirator. To avoid the error caused by sample drying, another reference reservoir was connected with the sampling one in series. An equal amount of distilled water was placed in the both. The volume of sampled liquid was calibrated by the volume decrease of precharged water in the reference.
Each run was conducted for 30 minutes. As the preliminary experiments showed that C tr was not changed with the position of the collector in the range of 1.4×10 -2 -4.4×10 -2 m, all the experiments were carried out at the constant position of 2.4×10 -2 m. The authors assumed this system as a pseudo-steady state because change in the initial concentration was not observed.
Procedure for measurement of volumetric flow rate of liquid in foam
The procedure for measuring the flow rate of the liquid in foam was the same as it described in the previous study (12) . SDBS, HB and OA were determined by the extrapolation method (12) .
Determination of liquid properties and gas holdup
Liquid viscosity was measured by Ostwald viscosity meter. Surface tension was measured by the ring method using du Noüy meter. Gas holdup was measured in the same manner described in the previous papers (4-5, 12) as follows. The gas holdup was determined from the difference in static pressure between the clear and aerated liquids using a differential pressure transducer (Tem Tech). Voltage signals were recorded by a personal computer (NEC PC-9801VM) via A/D convertor (CONTEC).
Determination for concentration of solution
The concentration of CV and HA were measured spectrophotometrically at 600 and 300 nm, respectively. The concentrations of the proteins (OA and HB) were measured by the Lowry method (13) .
The pH of the bulk liquid in the column was measured with a pH meter (ORION Model SA 520).
RESULTS AND DISCUSSION
Influence of liquid properties and operating variables on volumetric flow
rate of the droplets and the liquid in foam and the gas holdup 
Dimensional Correlation
To clarify the influences of the liquid properties and the operating variables, the experimental results are applied to the dimensional analysis.
The authors defined the dimensionless volumetric flow rate, q 0 /Q, for nonfoaming and, W f0 /Q, for foaming, respectively. we assumed that the viscous and the surface tension force of liquid, the inertial force of bubbles and the gravity force at liquid-atmosphere and liquid-foam interfaces affected to the amount of entrained bulk liquid in droplet and liquid in foam at these interfaces. These were expected to be a function of three dimensionless terms as follows: q 0 /Q = 5.9×10 -2 Ca 0.50 We -0.024 Fr 1.3 .
[6]
Then, Eq. The ratio of the value of exponent of Bo to that of Re can be approximated to 2/3. ρ G is negligible small than ρ L in the present experimental conditions. q 0 /Q = 6.66 Z 1.46 .
[9]
The same manner gives the correlation with the Ohnesorge number for foam as follows.
W f0 /Q = 2.53 Z 0.533 .
[10] Figure 9 shows the comparison of the experimental dimensionless volumetric flow rates and the calculated ones for the nonfoaming and the foaming, respectively. It is clear that the correlative equations obtained in this study gives good approximation as shown in figure 9 . Eqs. [9] and [10] fit the data within an error of 30 and 35 % for nonfoaming and foaming, respectively.
Estimation of the enrichment ratio
To estimate the enrichment ratio, E N , and, E F , from Eqs. [1] and [2] , S b /q 0 and S b /W f0 were expressed from Eqs. [3] , [9] and [10] by approximating the values of the exponent of the Z for nonfoaming and foaming to 1.5 and 0.5, respectively.
for nonfoaming:
for foaming:
[ 13] ∆ρ in Eqs. [12] and [13] represents the difference of the density between liquid and gas. E N and E F values will be estimated from Eqs. [1] , [2] , [12] and [13] and appropriate parameters. Figures 10 and 11 show the comparison of the experimental values of E N and E F and the calculated ones estimated from Eqs. [1] , [2] , [12] and [13] for the nonfoaming (CV and HA in figure 10 ) and the foaming (HB and OA in figure 11 ). The adsorption parameters, K and γ, used in calculation of E N and E F are summarized in Table 1 . The both experimental and calculated values were in good agreement for the nonfoaming and the foaming. Eqs. [12] and [13] emphasize the influence of the liquid properties and the operating variables on S b /q 0 and S b /W f0 . To enlarge the enrichment ratio, the value of S b /q 0 and S b /W f0 will be larger. Superficial gas velocity, the liquid viscosity and the surface tension particularly play an important role in the enrichment ratio. The enrichment ratio, E N , and E F , can be estimated from Eqs. [1] , [2] and the dimensionless correlation. A good agreement of the experimental and the calculated values was obtained for nonfoaming and foaming. E N , and E F were mainly affected by superficial gas velocity, the liquid viscosity and the surface tension in nonfoaming and foaming adsorptive bubble separation techniques.
CONCLUSIONS
Further studies are required for the more broad range of the liquid properties and operating variables to verify the obtained correlative equations in the present study. 
